A new methodology for the partial reduction of polycyclic aromatic and heteroaromatic hydrocarbons under mild reaction conditions is presented, the process being a reasonable alternative to the catalytic hydrogenation or the Birch reaction. The reduction protocol described is based on the use of cobalt or manganese nanoparticles generated in situ in a simple and economic way, by reduction of commercially available CoCl 2 $6H 2 O or MnCl 2 $2H 2 O in the presence of lithium sand and the corresponding PAH, acting itself as an electron carrier. The use of a deuterium-oxide-containing cobalt(II) salt allows the simple preparation of deuterium labeled products. The regiochemistry and degree of reduction in the case of 1-substituted naphthalene derivatives markedly depends on the nature of the metal-NPs used.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are a class of hazardous organic compounds, which are considered priority pollutants due to their carcinogenic properties 1 and their wide distribution in terrestrial and aquatic environments. They can be found as components of coal tar, creosote and crude oil, and are also produced from incomplete combustion of fossil fuels. 2 The wide occurrence and potentially toxic effects of PAHs and their metabolites have attracted the interest of many research groups in developing effective remediation techniques for their detoxification. Biodegradation of PAHs under aerobic or anaerobic conditions represents an interesting and eco-friendly alternative, 3 however, both methodologies show some drawbacks. The anaerobic pathway is slow and information about the biochemical mechanism involved is scarce, whereas some of the oxidized intermediates formed in the aerobic biodegradation are more hydrophilic and, therefore, may have higher bioavailability and toxicity than the PAHs themselves.
On the other hand, the reduction of PAHs can be achieved by different methods, mainly by catalytic hydrogenation 4e6 or by the use of dissolving metals. 7 These and other dearomatization reactions 8 represent a very important and useful chemical transformation that provide both a method for the conversion of PAHs into less toxic compounds and/or into substructures of bioactive synthetic targets, especially in the reduction of polycyclic heteroaromatic hydrocarbons such as quinolines, isoquinolines and other aromatic N-heterocycles. 5,7e Moreover, some specific hydroaromatic compounds such as tetrahydronaphthalene, tetrahydroquinoline, and tetrahydronaphthol derivatives have found a wide range of important applications, not only in the pharmaceutical industry 9 but also as high-temperature stabilizers for jet fuels. 10 For most of the above mentioned hydrogenation reactions, the use of noble-metal catalysts is well known and has shown to be efficient in the reduction of different aromatic compounds. However, they often require the use of elevated temperatures or high hydrogen pressures in order to be active. In recent years, the synthesis of transition-metal nanoparticles (NPs) and their application in catalysis has received considerable attention.
11 However, few reports appear in the literature regarding the metal-NP-catalyzed hydrogenation of PAHs, 6bed,12 most of them referred to the use of noble-metal NPs stabilized by different supports or ligands. The unique catalytic properties of these metal NPs are considered to be strongly related to their high surface area and the possibility of charge distribution in electron transfer reactions, thus allowing the use of milder reaction conditions, i.e., lower temperatures and pressures, compared to those of the bulk metal catalysts.
In previous papers, we have reported our results on the preparation of transition-metal NPs (NiNPs, FeNPs, and CuNPs), which have been utilized for various important organic transformations in our laboratories, mainly for reduction and coupling reactions. We prepared the above mentioned transition-metal NPs under mild reaction conditions, in tetrahydrofuran as the solvent and at room temperature, from the corresponding commercially available metal (II) chlorides by reaction with lithium sand and a catalytic amount of an arene as electron carrier. This methodology allowed the obtention of very reactive, monodisperse spherical nickel(0), iron (0) or copper(0) nanoparticles with an average size near 3.0AE1.5 nm, which efficiently promoted a wide variety of useful organic synthetic transformations. Based on our previous results in the field, 16 and prompted by our continuous interest in the search of new and useful synthetic applications of transition-metal NPs, 13e15,17 we decided to explore the performance of CoNPs and MnNPs in the reduction of PAHs. We want to present herein our findings in the preparation of manganese and cobalt nanoparticles, in the absence of any anti-agglomeration additive or ligand, and their application to the reduction of different polycyclic aromatic and heteroaromatic hydrocarbons (Scheme 1).
To the best of our knowledge, this is the first report describing the use of naked CoNPs or MnNPs for the reduction of PAHs.
Results and discussion

Synthesis and characterization of CoNPs and MnNPs
The cobalt or manganese nanoparticles were generated in situ by reduction of commercially available CoCl 2 $6H 2 O or MnCl 2 $2H 2 O with an excess of lithium sand (1:8 M ratio relative to the corresponding manganese or cobalt dichloride), tetrahydrofuran (THF) as the solvent, at room temperature under a nitrogen atmosphere. It is noteworthy that the PAH substrate itself was used as the electron carrier (see Experimental section for details). Typical transmission electron microscopy (TEM) micrographs and size distribution graphics for both CoNPs and MnNPs are shown in Figures 1 and 2 , respectively. Highly monodisperse and spherical nanoparticles were observed with a size distribution range of ca. 3.5AE1.5 nm for the CoNPs and 2.5 AE 1.5 nm for the MnNPs.
Energy-dispersive X-ray analysis (EDX) on various regions confirmed the presence of cobalt or manganese, respectively, with energy bands of 6.9 and 7.7 keV (K lines) for cobalt and of 5.9 and 6.5 keV (K lines) for manganese. The X-ray diffraction spectrum (XRD) of the MnNPs, showed peaks around 2q of 34.9 , 40.6 , and 58.9 , which could be attributed to MnO. The presence of MnO in the sample could be due to the oxidation of MnNPs during sample manipulation in air before the analysis. The XRD analysis of the CoNPs did not show any significant peak, which could be due to the amorphous character of the sample and/or to the existence of crystal domains below 10 nm in size.
Reduction of PAHs promoted by CoNPs or MnNPs
As mentioned in the preceding section, the metal NPs were in situ generated by reduction of CoCl 2 $6H 2 O or MnCl 2 $2H 2 O (1.0 mmol) with an excess of lithium sand (8.0 mmol) in the presence of the corresponding PAH (1.0 mmol), which, in addition, was used as electron carrier. All reactions were performed in THF (7 mL) as the solvent and under a nitrogen atmosphere. Scheme 1 summarizes the reaction conditions and the reduction products observed in this work.
The results obtained in the reduction of unsubstituted aromatic and heteroaromatic polycyclic hydrocarbons promoted by CoNPs or MnNPs are shown in Table 1 . Under the above conditions, the reaction of naphthalene (1a) with CoNPs quantitatively gave 1,2,3,4-tetrahydronaphthalene (2a) in 3 h at room temperature (Table 1 , entry 1). The MnNPs showed to be less reactive with the same PAH substrate, an excess of the MnNPs (2.0 equiv relative to naphthalene) being necessary to give 2a in only 38% yield after 6.5 h (Table 1, entry 1). It is worthy of note that, in the latter case and at shorter reaction times (15e30 min), we detected the presence of 1,4-dihydronaphthalene as intermediate in the reaction medium, albeit 60% of the starting naphthalene was recovered at the final reaction time. The reaction with anthracene (1b) was quite different, both CoNPs and MnNPs demonstrating to have a similar reactivity to give 9,10-dihydroanthracene (2b) in 2 h and excellent yield (Table 1, entry 2). The reduction of phenanthrene (1c) with CoNPs or MnNPs showed a similar reactivity pattern to that of the reduction of naphthalene. Thus, the CoNPs demonstrated to be much more reactive than the MnNPs, rendering 9,10-dihydrophenanthrene (2c) in only 3 h (Table 1, entry 3), while also allowing the use of a substoichiometric amount of the CoNPs (0.5 equiv relative to the PAH substrate). In the case of chrysene (1d), a PAH reluctant to undergo hydrogenation, both CoNPs and MnNPs needed long reaction times to render 5,6-dihydrochrysene (2d) in moderate yields (Table 1 , entry 4).
The use of CoCl 2 $4D 2 O as a source of CoNPs (see Experimental section for details on its preparation) for the reduction of anthracene (1b) allowed the formation of the corresponding dideuterated product (d 2 -2b), as expected, at the 9,10-positions (Table 1, entry 5). We next considered the reduction of nitrogen-containing polycyclic heteroaromatic hydrocarbons. In the case of quinoline (1e), the reduction could only be accomplished by the CoNPs and at the reflux temperature of THF (Table 1 , entry 6). The hydrogenation of this heteroaromatic substrate took place on the nitrogenated ring to give 1,2,3,4-tetrahydroquinoline (2e) in 90% yield. On the other hand, the reduction of 1,10-phenanthroline (1f) was efficiently promoted by both the Co-and MnNPs leading to the obtention of 1,2,3,4-tetrahydro-1,10-phenanthroline (2f) in excellent yields (Table 1 , entry 7), although it was necessary to use an excess of the MnNPs (2.0 equiv relative to the PAH substrate). Taking into account the importance of the substituted indoles for the synthesis of bioactive compounds, we applied our methodology for the reduction of 2-(2-naphthyl)indole (1g). In this case, the reduction took place at the naphthyl ring directly attached to the indole moiety with both the CoNPs and MnNPs, giving the corresponding tetrahydro derivative 2g in moderate yield (Table 1 , entry 8).
In the second part of this study, we considered the reduction of substituted PAHs. Since both the CoNPs or the MnNPs failed to promote the reduction of naphthalene derivatives bearing electronwithdrawing groups (i.e., carbonyl, nitro, or carboxy group) or those substituted at the 2-position, 18 we studied the reduction of 1-substituted naphthalenes bearing electron-donating groups. Halogen atoms were an exception with regard to the mentioned electronic properties of the substituents, but in this case a hydrodehalogenation step prior to the aromatic ring reduction 
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Please cite this article in press as: Nador, F. et al., Tetrahedron (2010), doi:10.1016/j.tet.2010.04.026 could be expected. 19 The results obtained, which are summarized in Table 2 , showed significant differences depending on the nature of the metal-NPs used. Thus, with the CoNPs-based reducing system, the reduction of 1-substituted naphthalenes (1hel) rendered the corresponding tetraline derivatives in moderate to excellent yields (Table 2 , entries 1e4). These products are common intermediate compounds in most of the classical catalytic hydrogenation reactions of naphthalene derivatives over supported noble-metal catalysts. This resemblance with the catalytic hydrogenation reactions is also evidenced in the case of the reduction of 1-substituted naphthalenes bearing oxygenated functionalities, such as 1-naphthol (1i) and 1-methoxynaphthalene (1j) ( Table 2 , entries 2 and 3, respectively), where it is well known that the reduction of the aromatic ring of naphthols or phenols is accompanied by the hydrogenolysis of the CeO bond. 10, 20 With substrates 1i and 1j, the reduction took place at the substituted naphthyl ring, since we could observe a mixture of dihydro 1-naphthalenol isomers by analyzing sample aliquots of the reaction mixture at short reaction times. In the case of 1-methoxynaphthalene (1j), the reductive cleavage of the ether functionality, which could occur prior to the hydrogenation of the aromatic ring, is not so unexpected under the reaction conditions. According to the literature, 21 once the arene radical anion is formed, two competitive reductive cleavage processes could take place, i.e., the rupture of the alkyleoxygen bond (dealkylation reaction) or the rupture of the aryleoxygen bond (dearylation reaction). As shown in Scheme 2, dearylation (path a) or dealkylation (path b) of 1j could lead, after protonation of the corresponding anion intermediates, to the formation of naphthalene or 1-naphthol, respectively, which would then be hydrogenated to tetraline (2a) under the reaction conditions. On the other hand, the CoNP-mediated reduction of 1-naphthylamine (1k) took place at the unsubstituted naphthyl ring (Table 2 , entry 4), and no hydrogenolysis of the CeN bond was observed for this substrate.
As mentioned above, the reduction of the aromatic ring of halosubstituted PAHs was accompanied by the hydrodehalogenation of the substrate. 19 Thus, 1-fluoronaphthalene (1l) was reduced to 1,2,3,4-tetrahydronaphthalene (2a) in moderate yield (Table 2 , entry 5), and 9-bromoanthracene (1m) was almost quantitatively converted into 9,10-dihydroanthracene (2b) ( Table 2 , entry 6). The hydrodefluorination of 1-fluoronaphthalene is noteworthy since due to the strength of the carbonefluorine bond, fluorides are rather resistant to reduction. Many efforts have been devoted to overcome their chemical inertness by appropriate activation. 22 The hydrodefluorination of aryl fluorides was previously reported by us to occur under the promotion of active iron. 14b Nevertheless, it is known that the arene-catalyzed lithiation of alkyl or aryl fluorides can lead to the corresponding alkyl-or aryl-lithium compounds. 23 We confirmed that a fluorine/lithium exchange could proceed under our reaction conditions, by performing the reaction of 1-fluoronaphthalene (1l) with an excess of lithium in the absence of the CoNPs. Thus, after stirring overnight, naphthalene was obtained as the major reaction product (90%) together with a mixture of dihydronaphthalene isomers (7%) and binaphthyl (3%).
On the other hand, the reduction products of 1-substituted naphthalenes with the MnNP-based reducing system were more consistent with a dissolving-metal-type reaction. As shown in Table  2 (entries 1e4), the corresponding non-conjugated 1,4-or 5,8-dihydro naphthalene derivatives (3) were the main reaction products, the reduction taking place at the unsubstituted naphthyl ring and at a higher rate than that of the CoNP-promoted reductions. It was necessary, however, to use an excess of the MnNPs (2.0 equiv relative to the PAH substrate) in order to improve the reaction yields. The reduction of 1-methoxynaphthalene (1j) led to the corresponding demethoxylated 5,8-dihydro derivative 3a. The observed CeO bond cleavage, which would proceed as described above (Scheme 2, path a), could not be overcome neither by shortening the reaction time nor by lowering the reaction temperature (À50 C). The reduction of 1-fluoronaphthalene (1l) with the MnNPs-based reducing system led to the corresponding hydrodehalogenated 1,4-dihydro derivative 3a in moderate yield and naphthalene as a byproduct (Table 2, entry 5). Here again, hydrodefluorination of the starting material would occur as described above for the CoNP-promoted reduction of 1l. Finally, the reduction of 9-bromoanthracene (1m) gave 9,10-dihydroanthracene (2b) after only 30 min of reaction and in excellent yield (Table 2, entry 6).
Although the mechanism involved in the above reactions is difficult to ascertain at this point, two pathways could be involved, on the basis of the results obtained in this study: (i) a catalytic hydrogenation-type reaction, where the metal-NPs could transfer the hydrogen formed by reaction of the excess of lithium with the metalsalt hydration water to the aromatic ring, or (ii) a dissolving-metaltype reaction involving the metal-NPs and a proton source (water). A series of experiments were carried out with 1-naphthol as the test compound in order to gain an insight into the plausible reaction mechanism involved for both the CoNP-and the MnNP-promoted PAH reductions. Experiment A: the reaction of 1-naphthol (1i) with the CoNPs generated from anhydrous CoCl 2 under a H 2 atmosphere gave 1,2,3,4-tetrahydro-1-naphthalenol (30%), tetraline (23%) and unreacted starting material (43%). Experiment B: the reaction of 1-naphthol (1i) with the CoNPs generated from anhydrous CoCl 2 under a N 2 atmosphere rendered, after aqueous workup, 1,2,3,4-tetrahydro-1-naphthalenol (42%), a mixture of dihydro naphthalenol isomers (15%) and unreacted starting material (38%). Experiment C: the reaction of 1-naphthol (1i) with the MnNPs generated from anhydrous MnCl 2 under a H 2 atmosphere, furnished 5,8-dihydro-1-naphthol (15%) and unreacted starting material (60%). Experiment D: the reaction of 1-naphthol (1i) with the MnNPs generated from anhydrous MnCl 2 under a N 2 atmosphere furnished, after aqueous workup, 5,8-dihydro-1-naphthol (60%) and unreacted starting material (33%).
From the results obtained in the above described experiments, it could be inferred that both the CoNP-and the MnNP-promoted reductions could proceed mainly through a dissolving metal-type mechanism, nevertheless, in the case of the CoNP-based reducing system, a catalytic hydrogenation-type reaction could also occur to some extent. By comparing experiments A and B, it can be observed that hydrogenolysis of the CeO bond of 1-naphthol only takes place with the CoNPs in the presence of molecular hydrogen. On the other hand, the 5,8-dihydronaphthol obtained in experiment C could be formed mainly through a dissolving metal-type reduction followed by proton abstraction by the intermediate from the solvent. This could also be inferred from the higher conversion obtained after aqueous workup in experiment D. Finally, it can also be concluded that the hydration water in both cobalt or manganese salts used, is the main hydrogen/proton source in the reduction reactions, being indispensable to obtain the reduced products in good yield. 
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Conclusions
In summary, we have described herein a new and simple methodology for the partial reduction of polycyclic aromatic hydrocarbons based on the use of cobalt or manganese nanoparticles, generated in a simple and economic way by reduction of commercially available CoCl 2 $6H 2 O or MnCl 2 $2H 2 O in the presence of lithium sand and the corresponding PAH, the latter also acting as an electron carrier. Both reducing systems have demonstrated to be efficient in the partial reduction of polycyclic aromatic and heteroaromatic hydrocarbons under mild reaction conditions. The regiochemistry and degree of reduction with 1-substituted naphthalene derivatives markedly depends on the nature of the metal-NPs used, the CoNP-promoted reduction leading to the corresponding tetraline products, whereas the MnNPs allowed the formation of the unconjugated 5,8-dihydro derivatives. Taking into account the synthetic and industrial importance of partially hydrogenated aromatics and heteroaromatics for the preparation of the corresponding benzo fused compounds, the new methodology presented in this paper can be considered as an attractive alternative to other well known reduction methods such as the Birch reaction or the classical catalytic hydrogenation.
Experimental
General
All moisture sensitive reactions were carried out under a nitrogen atmosphere. Anhydrous tetrahydrofuran was freshly distilled from sodium/benzophenone ketyl. Other solvents used were treated prior to use by standard methods. 24 All starting materials were of the best available grade (Aldrich, Merck) and were used without further purification. 25 All other starting PAHs were purchased form commercial sources (Aldrich), and used as received.
Instrumentation and analysis
Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker ARX-300 spectrophotometer using CDCl 3 (unless otherwise stated) as solvent and tetramethylsilane (TMS) as internal reference. Mass spectra (EI) were obtained at 70 eV on a Hewlett Packard HP-5890 GC/MS instrument equipped with a HP-5972 selective mass detector. The purity of volatile compounds and the chromatographic analyses (GC) were determined with a Shimadzu GC-9A instrument equipped with a flame-ionization detector and a 2 m column (1.5% OV17 9 A SUS Chrom 103 80/ 1000), using nitrogen as carrier gas. TEM images of cobalt and manganese nanoparticles were recorded at the TEM service of the University of Alicante (Spain) using a Jeol JEM2010 microscope equipped with a lanthanum hexaboride filament and operated at an acceleration voltage of 200 kV. X-ray diffraction (XRD) analyses were performed at the XRD service of the INGEOSUR (UNS-CONICET, Argentina) using a Rigaku Geigerflex D max III C equipment: Cu Ka 1 irradiation, l¼1.5406; 25 C; 2q¼3e90. 25 A mixture of phenylhydrazine (1.45 mL, 1.62 g, 15.0 mmol) and 2-acetylnaphthalene (2.55 g, 15.0 mmol) was added to polyphosphoric acid (45.0 g) in a two-necked round-bottom flask under a nitrogen atmosphere. The viscous mass was mixed thoroughly under a nitrogen stream and kept at 100 C. The reaction mixture was stirred every few minutes and stopped as soon as a deep yellow color was observed. Then, the reaction mixture was poured into ice water (150 mL) and the product separated was collected by filtration. Recrystallization (benzene) of the crude product gave pure 2-(2-naphthyl)indole (3.5 g, 66%) as a brown-yellow solid; mp 163e165 C; IR (KBr) 3360, 3020e3060, 1605, 1570 
Synthesis of 2-(2-naphthyl)indole (1g)
Representative procedure for the reduction of PAHs promoted by CoNPs or MnNPs
The corresponding pure PAH substrate (1.0 mmol) was added to a vigorously stirred suspension of lithium sand (56 mg, 8.0 mmol) and cobalt(II) chloride hexahydrate (238 mg, 1.0 mmol) or manganese(II) chloride dihydrate (162 mg, 1.0 mmol) in THF (7 mL), under a nitrogen atmosphere. The reaction mixture turned black indicating that the metal nanoparticles were formed. The reaction progress was monitored by TLC and GLC/MS. The resulting suspension was diluted with ether (10 mL) and filtered through a pad containing Celite. The filtrate was evaporated (15 Torr) 
